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1
SWITCHABLE POLARIZATION SPLITTERS

BACKGROUND

The present invention relates to photonics chips and, more
specifically, to structures for a polarization splitter and
methods of fabricating a structure for a polarization splitter.

Photonics chips are used in many applications and sys-
tems including, but not limited to, data communication
systems and data computation systems. A photonics chip
integrates optical components, such as waveguides, optical
switches, and bends, and electronic components, such as
field-efiect transistors, into a unified platform. Among other
factors, layout area, cost, and operational overhead may be
reduced by the integration of both types of components.

Polarization splitter splitters are a type of optical compo-
nent commonly found in photonics chips. A polarization
splitter divides optical signals received at a single port 1nto
orthogonal linear polarizations (e.g., a transverse electric
mode component and a transverse magnetic mode compo-
nent) that are output through a pair of ports for individual
processing 1n by subsequent optical components. Conven-
tional polarization splitters are passive optical components
having an optical performance that cannot be tuned,
switched, or configured.

Improved structures for a polarization splitter and meth-

ods of fabricating a structure for a polarization splitter are
needed.

SUMMARY

In an embodiment of the invention, a structure for a
polarization splitter 1s provided. The structure includes a first
waveguide core, a second waveguide core adjacent to the
first waveguide core i a coupling region, and a third
waveguide core over the second waveguide core in the
coupling region. The third waveguide core 1s composed of a
material having a varniable refractive index.

In an embodiment of the mnvention, a method of forming
a structure for a polarization splitter 1s provided. The method
includes forming a first waveguide core and a second
waveguide core that 1s adjacent to the first waveguide core
in a coupling region. The method further includes forming a
third waveguide core over the second waveguide core 1n the
coupling region. The third waveguide core 1s composed of a
material having a variable refractive index.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate various
embodiments of the mvention and, together with a general
description of the invention given above and the detailed
description of the embodiments given below, serve to
explain the embodiments of the invention. In the drawings,
like reference numerals refer to like features in the various
VIEWS.

FIG. 1 1s a diagrammatic top view of a structure at an
initial fabrication stage of a processing method 1n accor-
dance with embodiments of the invention.

FIG. 2 1s a cross-sectional view of the structure taken
generally along line 2-2 in FIG. 1.

FIG. 2A 1s a cross-sectional view of the structure taken
generally along line 2A-2A 1n FIG. 1.

FIG. 3 1s a top view of the structure at a fabrication stage
subsequent to FIG. 1.
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FIG. 4 1s a cross-sectional view of the structure taken
generally along line 4-4 1in FIG. 3.

FIG. 4A 1s a cross-sectional view of the structure taken
generally along line 4A-4A 1 FIG. 3.

FIGS. 5 and 5A are cross-sectional views of the structure
at a fabrication stage subsequent to FIGS. 4, 4A.

FIG. 6 1s a cross-sectional view of a structure 1n accor-
dance with alternative embodiments of the invention.

FIG. 7 1s a top view ol a structure in accordance with
alternative embodiments of the invention.

FIGS. 8, 8A are cross-sectional views of a structure in
accordance with alternative embodiments of the invention.

FIG. 9 1s a top view ol a structure in accordance with
alternative embodiments of the invention.

FIGS. 10, 10A are cross-sectional views of a structure in
accordance with alternative embodiments of the invention.

DETAILED DESCRIPTION

With reference to FIGS. 1, 2, 2A and 1n accordance with
embodiments of the invention, a structure 10 for a switch-
able polarization splitter includes a waveguide core 12 and
a waveguide core 14 that are positioned over a dielectric
layer 16. The waveguide core 12 and the waveguide core 14
may be composed of a single-crystal semiconductor mate-
rial, such as single-crystal silicon from a device layer of a
silicon-on-insulator (SOI) water. The silicon-on-insulator
waler further includes a buried 1nsulator layer composed of
a dielectric material, such as silicon dioxide, that provides
the dielectric layer 16 and a substrate 18 composed of a
single-crystal semiconductor material, such as single-crystal
s1licon, under the buried insulator layer. The waveguide core
12 and the waveguide core 14 may be patterned from the
device layer of the silicon-on-1nsulator waler by lithography
and etching processes during front-end-of-line processing.
The device layer of the silicon-on-insulator water may be
tully etched to define a nb waveguide as shown or, alterna-
tively, only partially etched to define a rndge waveguide. The
waveguide core 12 and the waveguide core 14, which may
be concurrently formed from the same layer of maternial, may
have coplanar or substantially coplanar top and bottom
surfaces.

The waveguide cores 12, 14 may be arranged 1n an input
region 20, a coupling region 22, and an output region 24.
The waveguide core 12 may have a width, W1, that is
constant or substantially constant over 1ts length 1n at least
the coupling region 20. The waveguide core 14 may have a
width, W2, that 1s tapered over its length 1n the coupling
region 22. The waveguide core 14 widens within the cou-
pling region 22 with increasing distance from the input
region 20. The input region 20 of the waveguide core 14 may
include a bend that brings the waveguide cores 12, 14 into
proximity for evanescent coupling, and the output region 24
of the waveguide core 12 may include a bend that removes
the waveguide cores 12, 14 from proximity to prevent
evanescent coupling.

Optical signals propagating with both transverse magnetic
(ITM) and transverse electric (TE) mode components may be
guided on the photonics chip by the wavegumde core 12 to
the mput region 20. One mode component, such as the TM
mode component, of the light embodied 1n the optical
signals may be coupled from the waveguide core 12 to the
waveguide core 14 1n the coupling region 22 of the structure
10 due to phase matching and may be further guided on the
photonics chip 50 to a downstream destination by the
waveguide core 14. The other mode component, such as the
TE mode component, of the light embodied in the optical




US 10,996,398 Bl

3

signals passes through the coupling region 22 of the struc-
ture 10 with a low loss to be further guided on the photonics
chip 50 to a downstream destination by the waveguide core
12.

With reterence to FIGS. 3, 4, 4A 1n which like reference
numerals refer to like features in FIGS. 1, 2, 2A and at a
subsequent fabrication stage of the processing method,
dielectric layers 26, 28, 30 composed of respective dielectric
materials are sequentially formed over the waveguide core
12 and waveguide core 14. The waveguide core 12 and
waveguide core 14 are embedded or buried 1n the dielectric
material of the dielectric layer 26. The dielectric layer 28 1s
positioned over the dielectric layer 26, and the dielectric
layer 30 1s positioned over the dielectric layer 28. The
dielectric layer 26 may be composed of a dielectric material,
such as silicon dioxide, deposited by chemical vapor depo-
sition and planarized with, for example, chemical mechani-
cal polishing to remove topography. The dielectric layer 28,
which 1s optional, may be composed of dielectric material,
such as silicon dioxide, deposited by chemical vapor depo-
sition or atomic layer deposition over the dielectric layer 26.
The dielectric layer 30 may be composed of dielectric
material, such as silicon nitride, deposited by chemical
vapor deposition or atomic layer deposition over the dielec-
tric layer 28.

A waveguide core 32 containing an active material may
be deposited on the dielectric layer 30 by atomic layer
deposition or chemical vapor deposition and patterned with
lithography and etching processes. In an embodiment, the
waveguide core 32 may be composed of an active material,
such as a conductor, with a variable index of refraction (1.e.,
refractive index) that can be varied as a function of an
clectric field from a selectively applied bias voltage to
transition between discrete states characterized by diflerent
refractive indices. In an embodiment, the waveguide core 32
may be composed of an active material, such as a conductor,
with a vanable index of refraction (i.e., refractive index) that
can be varied as a function of temperature from selectively
applied heat to transition between discrete states character-
1zed by different refractive indices. In an embodiment, the
waveguide core 32 may be composed of a conducting oxide,
such as mdium-tin oxide (ITO). In an embodiment, the
waveguide core 32 may be composed of a phase change
maternal, such as vanadium oxide or germanium-antimony
telluride. In an embodiment, the waveguide core 32 may be
composed of a two-dimensional material, such as graphene
or molybdenum disulphide. In an embodiment, the wave-
guide core 32 may be composed of a polymer.

The waveguide core 32 may be positioned over the
waveguide core 14 with an overlapping arrangement from a
perspective 1n a vertical direction, and the waveguide core
32 may have the same or substantially the same shape as the
waveguide core 14 1n the mput region 20, coupling region
22, and output region 24 of the structure 10 such that the
waveguide cores 14, 32 are stacked. For example, the
waveguide core 32 may have a taper equal or substantially
equal to the taper of the waveguide core 14 in the coupling
region 22 of the structure 10 and a bend equal or substan-
tially equal to the bend of the waveguide core 14 1n the input
region 20 of the structure 10. In an embodiment, the wave-
guide core 32 may have a width, W3, that 1s tapered over 1ts
length 1n the coupling region 22 and that 1s greater the width
of the waveguide core 14 at any location along the length of
the waveguide core 14 1n the coupling region 22.

The waveguide core 32 1s positioned 1n a different plane
than the waveguide cores 12, 14 and, in particular, the
waveguide cores 12, 14 are positioned 1n a vertical direction
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between the waveguide core 32 and the dielectric layer 16.
The waveguide core 32 includes opposite sidewalls 31, 33
and the waveguide core 14 may be laterally arranged
between the opposite sidewalls 31, 33 albeit 1n a different
plane.

With reference to FIG. 5 1n which like reference numerals
refer to like features in FI1G. 4 and at a subsequent fabrica-
tion stage ol the processing method, a dielectric layer 34
may be formed over the dielectric layer 28 and the wave-
guide core 32. The dielectric layer 34 may be composed of
dielectric matenial, such as silicon dioxide, deposited by
chemical vapor deposition or atomic layer deposition. In an
embodiment, the dielectric layer 34 may be composed of a
dielectric material, such as silicon dioxide, deposited by
chemical vapor deposition using ozone and tetracthylortho-
silicate (TEOS) as reactants.

A back-end-of-line stack 36 may be formed by back-end-
of-line processing over the dielectric layer 34. The back-
end-of-line stack 36 may include one or more dielectric
layers composed of a dielectric material, such as silicon
dioxide or a low-k dielectric material, and metal features
composed of a metal, such as copper or cobalt, that are
arranged 1n the one or more dielectric layers.

The waveguide core 32 can be placed 1n diflerent states 1n
which the variable refractive index of its material 1s tunable
(1.e., switchable) to provide transitions between the different
states. The state-to-state transition can be initiated by an
external stimulus, such as heating, an electric field supplied
by an applied bias voltage, an electrical current supplied by
an applied bias voltage, or optical absorption by, for
example, optical pumping.

In an embodiment, a heater 38 may be disposed 1n the
back-end-of-line stack 36 1n proximity to the waveguide
core 32. The heater 38 1s coupled by metal features 40 1n the
back-end-of-line stack 36 with a power supply 42 for
powering the heater 38 to provide a temperature change
prompting the refractive index change of the material of the
waveguide core 32. During operation, heat 1s transierred
from the powered heater 38 through the dielectric material
of the back-end-of-line stack 36 to the waveguide core 32 1n
the coupling region 22 of the structure 10. The temperature
of the waveguide core 32 in the coupling region 22 of the
structure 10 may be varied by the selective application of
heat to provide a state with a low index of refraction below
a transition temperature and a state with a lhigh index of
refraction above the transition temperature. For example, the
real part of the refractive index of the active material may be
higher when the temperature 1s above the transition tem-
perature than when the temperature 1s below the transition
temperature.

In an alternative embodiment and as shown 1in FIG. 6, the
waveguide core 32 may include upper and lower electrodes
in the form of conductive layers 44, 46. The conductive
layers 44, 46 are coupled by the metal features 40 in the
back-end-of-line stack 36 with the power supply 42 for
supplying a bias voltage to prompt a refractive index change
of the waveguide core 32. Through these connections, a
switchable bias voltage may be selectively applied from the
power supply 42 to the upper and lower conductive layers
44, 46 for providing an electric field to produce with the high
and low refractive index states for the active material of the
waveguide core 32. For example, the real part of the
refractive index of the active material may be higher when
the electric field 1s present than when the electric field 1s
absent.

The structure 10 1s tunable because the material properties
of the waveguide core 32 provide a refractive index that can
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be varied by, for example, the application of a bias voltage
or by the application of heat. In embodiments, the refractive
index of the active material of the waveguide core 32 can be
varied with biasing or with heating to effectively switch the
structure 10 between different states for light coupling. In
one state (e.g., no applied bias voltage or a temperature less
than the transition temperature), the active material of the
waveguide core 32 has a low refractive index and one mode
component (e.g., the TM mode) of the optical signals may be
coupled from the waveguide core 12 to the waveguide core
14 1n the coupling region 22 of the structure 10 due to phase
matching. One of the mode components (e.g., the TM mode)
of the optical signals exits the output region 24 of the
structure 10 guided by the waveguide core 12, and the other
of the mode components (e.g., the TM mode) of the optical
signals exits the output region 24 of the structure 10 guided
by the waveguide core 14. In another state (e.g., an applied
bias voltage or a temperature greater than the transition
temperature), the active material of the waveguide core 32
may have a high refractive index and may prevent the
coupling of optical signals from the waveguide core 12 to
the waveguide core 14 1n the coupling region 22 of the
structure 10 because the phase match i1s broken. In this state,
both mode components of the optical signals exit the output
region 24 of the structure 10 guided by the waveguide core
12. The state-to-state transition 1s reversible by removing the
clectric field by switching off the applied bias voltage or
lowering the temperature by regulating the supplied power.

The structure 10, 1n any of its embodiments described
herein, may be integrated into a photonics chup 50 (FIG. 1)
that includes electronic components 52 and optical compo-
nents 54. For example, the photonics chip 50 may integrate
one or more photodetectors representing optical components
54 that receive optical signals carried by the structure 10 and
convert those optical signals into electrical signals that may
be processed by the electronic components 32. The elec-
tronic components 52 may include field-effect transistors
that are fabricated by CMOS {ront-end-oi-line processes
using the device layer of the SOI water.

With reference to FIG. 7 1n which like reference numerals
refer to like features in FIG. 3 and in accordance with
alternative embodiments of the invention, the waveguide
core 32 may be located primarily 1n the coupling region 22
of the structure 10, and may terminate 1n the input and output
regions 20, 24. The waveguide core 32 may include termi-
nating tapers 56, 58 at opposite ends of the tapered portion
in the coupling region 22. The taper 56 may extend into the
input region 20 and may terminate the waveguide core 32 1n
the input region 20. The taper 58 may extend into the output
region 24 and may terminate the waveguide core 32 1n the
output region 24.

With reference to FIGS. 8, 8A in which like reference
numerals refer to like features in FIGS. 4, 4A and 1n
accordance with alternative embodiments of the invention,
the waveguide core 32 may be formed such that the wave-
guide core 32 wraps about the side surfaces 48 and top
surface 49 of the waveguide core 14 and extends 1n a vertical
direction to the dielectric layer 16. In the representative
embodiment, the waveguide core 32 may include feet 32a
that extend outwardly from the side surfaces of a central
section. Alternatively, the feet 32a may be omitted from the
waveguide core 32. In the representative embodiment, the
waveguide core 32 directly contacts the side surfaces 48 and
top surface 49 of the waveguide core 14, as well as directly
contacts the dielectric layer 16 adjacent to the waveguide
core 14. The waveguide core 32 may be formed by depos-
iting a layer of its active material over the waveguide cores
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12, 14 and patterning the layer with lithography and etching
processes. The width of the waveguide core 32 tapers with
the tapering of the waveguide core 14 1n the coupling region
22 such that the surfaces 48, 49 are covered over the entire
coupling region 22.

The waveguide core 12, waveguide core 14, and wave-
guide core 32 may be embedded or buried in the dielectric
material of a dielectric layer 35. The dielectric layer 35 may
be composed of a dielectric material, such as silicon dioxide,
deposited by chemical vapor deposition and planarized with,
for example, chemical mechanmical polishing to remove
topography. The back-end-of-line stack 36 may be formed
over the dielectric layer 35.

With reference to FIG. 9 1n which like reference numerals
refer to like features in FIG. 3 and in accordance with
alternative embodiments of the invention, a waveguide core
60 may be located over the waveguide core 14 1n the 1nput
region 20, and a waveguide core 62 may be located over the
waveguide core 14 1n the output region 24. The waveguide
cores 60, 62 may be arranged in the same plane as the
waveguide core 32, and may composed of a dielectric
material, such as silicon nitride. In an embodiment, the
waveguide core 60 may be located with an overlapping
arrangement from a perspective 1n a vertical direction over
the waveguide core 14 in the input region 20, and the
waveguide core 62 may be located with an overlapping
arrangement from a perspective 1n a vertical direction over
the waveguide core 14 in the output region 24. The wave-
guide cores 60, 62 may function to reduce insertion loss
and/or crosstalk.

With reference to FIGS. 10, 10A in which like reference
numerals refer to like features in FIGS. 4, 4A and 1n
accordance with alternative embodiments of the invention,
the waveguide cores 12, 14 may be replaced by waveguide
cores 12a, 14a that are composed of a different material. In
an embodiment, the waveguide cores 12a, 14a may be
composed of silicon nitride. The waveguide core 32 1is
positioned over the waveguide cores 12a, 14a as described
in connection with the spatial relationship between the
waveguide core 32 and the waveguide cores 12, 14. The
waveguide core 32 may be embodied as shown 1 FIG. 2,
FIG. 7, or FIGS. 8, 8A.

The methods as described above are used 1n the fabrica-
tion of integrated circuit chips. The resulting integrated
circuit chips can be distributed by the fabricator 1n raw wafer
form (e.g., as a single wafer that has multiple unpackaged
chips), as a bare die, or 1n a packaged form. The chip may
be integrated with other chips, discrete circuit elements,
and/or other signal processing devices as part of etther an
intermediate product or an end product. The end product can
be any product that includes integrated circuit chips, such as
computer products having a central processor or smart-
phones.

References herein to terms modified by language of
approximation, such as “about”, “approximately”, and “sub-
stantially”, are not to be limited to the precise value speci-
fied. The language of approximation may correspond to the
precision of an instrument used to measure the value and,
unless otherwise dependent on the precision of the instru-
ment, may indicate +/—10% of the stated value(s).

References herein to terms such as “vertical”, “horizon-
tal”, etc. are made by way of example, and not by way of
limitation, to establish a frame of reference. The term
“horizontal” as used herein 1s defined as a plane parallel to
a conventional plane of a semiconductor substrate, regard-
less of 1ts actual three-dimensional spatial orientation. The
terms “vertical” and “normal” refer to a direction perpen-
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dicular to the horizontal, as just defined. The term “lateral”
refers to a direction within the horizontal plane.

A feature “connected” or “coupled” to or with another
feature may be directly connected or coupled to or with the
other feature or, instead, one or more intervening features
may be present. A feature may be “directly connected” or
“directly coupled” to or with another feature if intervening
features are absent. A feature may be “indirectly connected”
or “indirectly coupled” to or with another feature 1 at least
one intervening feature 1s present. A feature “on” or “con-
tacting” another feature may be directly on or in direct
contact with the other feature or, instead, one or more
intervening features may be present. A feature may be
“directly on” or i “direct contact” with another feature if
intervening features are absent. A feature may be “indirectly
on” or 1n “indirect contact” with another feature 11 at least
one tervening feature i1s present.

The descriptions of the various embodiments of the
present 1nvention have been presented for purposes of
illustration but are not intended to be exhaustive or limited
to the embodiments disclosed. Many modifications and
variations will be apparent to those of ordinary skill 1n the
art without departing from the scope and spirit of the
described embodiments. The terminology used herein was
chosen to best explain the principles of the embodiments, the
practical application or technical improvement over tech-
nologies found in the marketplace, or to enable others of
ordinary skill in the art to understand the embodiments
disclosed herein.

What 1s claimed 1s:

1. A structure for a polarization splitter, the structure
comprising;

a first waveguide core;

a second waveguide core adjacent to the first waveguide
core 1n a coupling region, the second waveguide core
having a first bend 1n an input region adjacent to the
coupling region, the second waveguide core having a
second bend 1n an output region adjacent to the cou-
pling region, and the second waveguide core tapered
with a width that increases within the coupling region
with increasing distance from the iput region; and

a third waveguide core over the second waveguide core 1n
the coupling region, the third waveguide core having a
bend 1n the 1nput region that 1s positioned over the first
bend of the second waveguide core, and the third
waveguide core tapered with a width that 1s greater than
the width of the second waveguide core within the
coupling region,

wherein the third waveguide core i1s comprised of an
active material having a variable refractive index.

2. The structure of claim 1 further comprising:

a power supply; and

a heater coupled to the power supply, the heater posi-
tioned 1n proximity to the third waveguide core, the
heater configured to selectively transter heat to the third
waveguide core for varying the variable refractive
index of the active material of the third waveguide core.

3. The structure of claim 1 further comprising;

a power supply;

a first electrode coupled to the power supply; and

a second electrode coupled to the power supply,

wherein the third waveguide core 1s positioned between
the first electrode and the second electrode, and the
power supply configured to selectively provide a bias
voltage applied to the first electrode and the second
clectrode for varying the variable refractive mdex of
the active material of the third waveguide core.
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4. The structure of claim 1 wherein the variable refractive
index of the active material 1s configured to be varied by a
selectively applied electric field between a first refractive
index and a second refractive index that 1s greater than the
first refractive index.

5. The structure of claim 1 wherein the active matenal 1s
a conducting oxide.

6. The structure of claim 1 wherein the active material 1s
a phase change material.

7. The structure of claim 1 wherein the active matenal 1s
a two-dimensional material or a polymer.

8. The structure of claim 1 wherein the second waveguide
core includes a plurality of surfaces, and the third waveguide
core 1s wrapped about the plurality of surfaces of the second
waveguide core.

9. The structure of claim 8 wherein the third waveguide
core 1s 1n direct contact with the second waveguide core.

10. The structure of claim 1 wherein the first waveguide
core and the second waveguide core are each comprised of
single-crystal silicon.

11. The structure of claim 1 wherein the first waveguide
core and the second waveguide core are each comprised of
s1licon nitride.

12. The structure of claim 1 wherein the first waveguide
core and the second waveguide core are located in a first
plane, the third waveguide core 1s located 1n a second plane
displaced 1n a vertical direction from the first plane, the third
waveguide core includes a first sidewall and a second
sidewall, and the second waveguide core 1s laterally posi-
tioned between the first sidewall and the second sidewall of
the third waveguide core to provide an overlapping arrange-
ment.

13. The structure of claim 1 wherein the first waveguide
core, the second waveguide core, and the third waveguide
core are located on a photonics chip.

14. A structure for a polarization splitter, the structure
comprising;

a first waveguide core;

a second waveguide core adjacent to the first wavegude

core 1n a coupling region; and

a third waveguide core over the second waveguide core 1n

the coupling region,

wherein the third waveguide core 1s comprised of an

active material having a variable refractive index, and
the variable refractive index of the active material 1s
configured to be varied by selective temperature change
between a first refractive index and a second refractive
index that 1s greater than the first refractive index.

15. The structure of claim 14 wherein the third waveguide
core mcludes a first taper and a second taper, the first taper
terminates the third waveguide core at a first end, and the
second taper terminates the third waveguide core at a second
end opposite to the first end.

16. The structure of claim 14 wherein the third waveguide
core 1s positioned with an overlapping arrangement from a
perspective 1 a vertical direction over the second wave-
guide core, and the third waveguide core 1s wider than the
second waveguide core.

17. The structure of claim 14 wherein the second wave-
guide core has a first tapered width 1n the coupling region,
the third waveguide core has a second tapered width in the
coupling region, and the second tapered width 1s greater than
the first tapered width over the coupling region.

18. The structure of claim 14 further comprising:

a power supply; and

a heater coupled to the power supply, the heater posi-

tioned in proximity to the third waveguide core, and the
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heater configured to selectively transter heat to the third
waveguide core for providing the selective temperature
change.
19. The structure of claim 14 wherein the active material
1s a phase change material.
20. A method of forming a structure for a polarization
splitter, the method comprising:
forming a first waveguide core and a second waveguide
core that 1s adjacent to the first waveguide core 1n a
coupling region; and
forming a third waveguide core over the second wave-
guide core 1n the coupling region,
wherein the third waveguide core 1s comprised of an
active material having a variable refractive index,
wherein the variable refractive index of the active mate-
rial 1s configured to be varied by selective temperature
change between a first refractive index and a second
refractive index that 1s greater than the first refractive
index.
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